Abstract. Penland's beardtongue, a rare endemic plant of the Colorado Plateau, displays a mixed breeding system. Plants are partially self-compatible but set more fruits when cross-pollinated than when self-pollinated. Fruit production is significantly increased by pollinators. However, in two years of study there was no indication that fruit set was being limited by inadequate pollinator visitation. Pollinator effectiveness was judged by correlating bee behavior at the flowers with analysis of the pollen carried on bee bodies. The most important pollinators were native megachilid bees, particularly in the genus Osmia. The bees that pollinate Penland's beardtongue are essential to its reproduction and must be preserved along with this rare plant.
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Species of Penstemon (Scrophulariaceae) vary greatly in their pollination systems. Pollinators include hummingbirds, butterflies, bees, wasps, and flies (Kampny 1995) . That Penstemon also exhibits great interspecific diversity in floral morphology, which is frequently pollinator correlated, cannot be entirely coincidental. For example, species pollinated primarily by hummingbirds, such as P. eatonii and P. centranthifolius, are red (a color more attractive to birds than to insects), and have narrow, pendant corollas that favor access by hummingbirds but not by most insects (Straw 1956 , Bateman 1980 . In contrast, corollas pollinated primarily by bees and wasps, such as those of P. palmeri or P. spectabilis, tend to be blue, pink, or purple and have wide, enlarged ventral lobes that serve as insect landing platforms (Straw 1956 ). Presumably there is an evolutionary explanation for the presence of such floral °'syndromes".
The applicability of the floral syndrome concept to Penstemon species has been recently questioned (i.e. Mitchell 1988) because field studies usually reveal a diversity of flower visitors. However, a visitor does not a pollinator make. Plants may be pollinated effectively and consistently by only a few of the species that visit them. Unfortunately, it is often difficult to distinguish visitors from pollinators without experimentation. The preferred method of experimentation compares 40 V.J. Tepedino et al.: Pollination biology of Penland's Beardtongue the fruit and seed production from controlled flower visits by abundant visitors (Motten et al. 1981 , Tepedino 1981 , Sugden 1986 . Such an approach is precluded in studies of rare plants because natural pollination and fruit production must be denied to large numbers of flowers.
It is particularly important to identify the pollinators and pollinator requirements of allogamous rare plants. Rare plant species which depend on pollinators, and which can ill afford to forego reproductive opportunities, may best be preserved by instituting management practices that protect pollinators as well as plants. Conservationists must know which (if any) floral visitors should receive priority for monitoring and protection in their plans for plant recovery (e.g. Sipes and Tepedino 1995) .
Here we report on the reproductive biology of Penstemon penlandii (Weber 1986 ), a perennial herb in the section Glabri (Rydberg) Pennell, listed as endangered under the United States' Endangered Species Act. P.
penlandii has attributes associated with bee pollination: up to 30 blue to purple, bilaterally symmetric, nectar-and pollen-producing flowers are produced on an erect stem. However, for several reasons, the pollination of such rare plants may not conform to their floral syndrome. For example, as a plant taxon becomes increasingly rare, it may recruit fewer visits from its "normal" suite of pollinators (Levin 1971 , Karron 1987 ) and more visits from atypical species (Tepedino 1979) . Moreover, some rare plant species are found in habitats outside the ranges of their "proper" pollinators Tepedino 1996, Barnes 1996) . In either case, the rare plant may be serviced by pollinators other than those suggested by its floral morphology. Our objectives were to describe the breeding system and floral visitors of P. penlandii, and to estimate and compare the effectiveness of those visitors as pollinators. We used a less intrusive, but more painstaking and infrequently employed approach that combines observations of insects on the flowers with microscopic examination of pollen deposited on their bodies (Bohart and Nye 1960, Beattie et al. 1973 ). Breeding system. Field studies were carried out during June and July of consecutive flowering seasons. In both years, we studied the structure and phenology of P. penlandii flowers to determine the timing of pollen dehiscence and stigma receptivity. In 1991, we chose 19 plants and bagged unopened buds with I mm mesh nylon tulle to exclude pollinators in a preliminary examination of the breeding system. Flowers received one of the following treatments: 1) no manipulation (autogamy or parthenogenesis), 2) self-pollination with pollen from another flower on the same plant (geitonogamy), 3) cross-pollination with a pollen donor at least 10 meters away (xenogamy), or 4) unbagged, unmanipulated controls. Not every plant received all four treatments because the experiment was begun late in the flowering season of the first year when plants with four or more unopened buds were difficult to locate. All treated flowers except controls were bagged throughout anthesis.
Materials and methods

Study
To insure that the self-and cross-pollination treatments occurred within the time of stigma receptivity, we repeated all hand pollinations on the first, second, and third days of anthesis. Flowers were pollinated manually before 10:30 h to insure that donor pollen would be available (see below). Freshly dehisced donor anthers were collected with forceps and touched to recipient stigmas. Microscopic examination confirmed pollen transfer.
Flowers were monitored for fruit set at frequent intervals after anthesis. Fruit set among treatments was not compared with statistical tests due to the uneven distribution of treatments across plants. Many fruits were lost to frugivory by ground squirrels (probably Spermophilus elegans Kennicott) or other causes prior to harvesting, so seeds per fruit could not be compared.
Breeding system experiments were repeated at the beginning of the flowering season (early June) of 1992 on twenty plants. On each plant, four buds from one bagged inflorescence were each randomly assigned one of the four different treatments; thus each plant received all four treatments. Treatments were the same as in 1991 with the following exceptions. To examine the effects of outcrossing distances on reproductive success, two cross-pollination treatments were applied. For near out-crosses, we chose pollen donors from between 10 and 20 meters from the recipient plant. For far out-crosses, pollen donors were chosen from approximately 1.5kin away. In 1992, control flowers were marked on separate plants adjacent to the bagged plants. Fruit set was recorded for treated flowers and analyzed with a contingency table. Ground squirrels again harvested many fruits and prevented us from estimating seed set.
We determined whether the timing of stigma receptivity corresponded to the presumptive female phase of the flower (style tip curved downwards below stamens from its early position behind stamens and parallel to corolla tube), by experimentally cross-pollinating flowers of different ages in 1992. Ten of the twenty plants used for the breeding system experiments were chosen, and additional inflorescences with at least 3 unopened buds were bagged. Flower buds were randomly assigned to be cross-pollinated on either the first, second, or third day of anthesis. Fruit set among these treatments was compared using a contingency table.
To study the degree to which fruit set in P.
penlandii was pollen limited, we exposed flowers To estimate the relative effectiveness of the different insect visitors as pollinators, we observed their behavior on the nototribic flowers. In particular, we tried to determine whether the insects collected pollen, nectar, or both, and whether they contacted the anthers and stigma. Additionally, the collected specimens were scored in the laboratory for the abundance and placement of Penstemon pollen. We directly counted the number of Penstemon pollen grains present on selected body parts ( For genera with _> 6 individuals we compared total number of pollen grains on bodies (excluding scopa) among genera using a Kruskal-Wallis test (data were not normally distributed). To examine the relationship between body size and pollen placement, we measured the length of individual bees and placed each species in one of four size classes (< 6 ram, 6-8 mm, > 8-10 mm, and > 10 mm) based on mean length. We compared the number of pollen grains on bodies among the four size classes using a Kruskal-Wallis test.
A more detailed analysis of pollen placement was conducted on the most abundant visitor, Osmia brevis. To see if O. brevis individuals picked up pollen consistently on certain body parts, we compared the number of pollen grains on several major body segments ( Fig. 2a) using a Friedman test which controlled for bees that were at different stages of foraging trips at the time of their capture.
Pollen collection. To estimate visitor fidelity, the percentage of Penstemon pollen in the scopal loads of female bees was determined by examining a sample of scopal pollen stained with fuchsin red in glycerin under a compound microscope (100X). Several transects through each slide were taken until five hundred pollen grains were counted and classified as belonging either to Penstemon or other taxa. For bee genera with large enough sample sizes, we compared the percentage of Penstemon pollen in the scopa among genera using a KruskalWallis test. Because P. penlandii overlaps in flowering time with P. caespitosus, and we were able to identify pollen only to the level of genus, some pollen may have come from the latter taxon.
Results
Floral morphology. Penstemon penlandii flowers are functionally protandrous. Typically, anthers of the longer, more distal, stamens begin to dehisce at 09:00 to 09:30 on the first day of anthesis while the shorter, more basal, pair dehisces later the same day, between 10:30 and 13:00. By the end of the first day of anthesis, little or no pollen remains in the anthers. Prior to this time, the style lies flush against the upper surface of the corolla tube, above the stamens. The stigma is not in an optimal position to contact probing insects until the second or third day of anthesis, when it is exposed as the style bends downward. Corollas of most flowers wither and fall off by the fourth day after anthesis.
Breeding system. Penstemon penlandii set little fruit in the absence of a pollinator (Tables  la, b ). In the two years, only 7-17% of bagged, unmanipulated flowers produced fruit. Breeding system treatments differed significantly in 1992. A partition of the contingency table showed that only the comparison between autogamy and the other treatments was significant. There was no significant difference in fruit set among breeding system treatments that required a pollinator: Thus, although P. penlandii requires a pollinator for most of its fruit set, it is partially selfcompatible, and consecutive within-plant flower visits may produce fruit. No difference in fruit set was observed between near and far cross-pollinations. Nor was there any indication of pollinator limitation of fruit set: fruit set of open-pollinated controls was indistinguishable from cross-pollination treatments (Table lb) .
Some stigmas of P. penlandii are physiologically receptive from the beginning anthesis, before the style has curved downwards, to at least the third day after anthesis (Table lc) . We found no significant differences in fruit set among flowers cross-pollinated on either the first, second, or third day of anthesis (x 2 = 1.85, df = 2, P > 0.3). Although individuals are self-compatible and the stigmas are physiologically receptive at the time of pollen dehiscence, within-flower pollinations are minimized by the early position of the stigma.
Only one day of exposure to pollinators was sufficient for fruit set. We found no significant differences among flowers exposed to pollinators for one, two, or three days, or with controls, in either of the two trials (Table 2) . During the first trial, day 1 was warm and sunny while days two and three were cold and rainy. Thus, trial one may not (Table 4) . Of these, bees of the genus Osmia were the most fiequently collected. We compared the total number of pollen grains on the bodies of individuals of the five genera that had sample sizes _> 6 individuals ( (Table 5) . We found a significant difference among the four size classes in total body pollen: individuals in the > 8-10 mm class carried the most pollen grains, followed by those in the > 10 mm class, the 6-8 mm class, and the <6ram class. Additional Wilcoxon tests showed that individuals in the > 8-10 mm size class had significantly more pollen on their bodies than did those in the > 10 mm class. Pollen placement on the three main body parts varied according to the size class of the insect (Table 5) : insects had significantly decreasing amounts of pollen on the head from the > 8 mm size classes to the <6ram size class. For the thorax, bees > 8-10 mm had significantly more pollen, and those <6 mm had less, than the other size classes. Finally, the < 6 mm class had significantly fewer pollen grains on the abdomen than did all other classes. This pattern suggests pollen deposition on body parts according to the size of the insect: the largest insects do not crawl as deeply into the corolla tube and so contact the anthers (and stigma) primarily with the head rather than the thorax. In contrast, insects of the 8-10ram size class contact the anthers primarily with their thorax.
To (Table 7) . There was a significant difference in number of pollen grains among the head, thorax, and abdomen (excluding scopae).
Most pollen was deposited along the central axis of O. brevis females (Fig. 2 ).
There was a significant difference in number of pollen grains fround on different areas of the heads: most pollen was located on the frons and the supraclypeal area rather than on lateral structures (Fig. 2a,b compared Osmia species with other taxa pooled into three size classes using Wilcoxon tests (Table 6 ). (The <6mm size class contained no Osmia species and was eliminated.) In the 6-8mm size class, Osmia among areas on the thorax also was evident: again most pollen was centrally located, primarily on the scutum, with secondary amounts on the pronotum and scutellum (Fig. 2a,c) 
Discussion
Two hypotheses have been offered to predict the reproductive characteristics of entomophilous flowering plant species. One suggests that rare plants are likely to be inferior competitors for pollinators with common species (Levin and Anderson 1970 , Straw 1972 , Bobisud and Neuhaus 1975 . If true, rare plants should experience selection for breeding mechanisms that increase their chances of reproducing successfully when pollinators are inattentive, such as self-compatibility, autogamy, and/or apomixis (Levin and Anderson 1970 , Levin 1971 , Tepedino 1979 , Karron 1989 . In general, this scenario should best fit rare plants visited by high-energy and nutrient demanding pollinators such as bees. Because bees are central place foragers (Orians and Pearson 1979 ) that must provide nectar and pollen for their progeny as well as themselves, they are drawn to densely flowering plant species. Thus, blue/violet beardtongues such as P. penlandii that fit the "bee pollinated"
syndrome may be especially vulnerable to pollinator inattention. A second hypothesis (Kunin and Shmida 1997), predicts that rare plants compensate for their numerical disadvantage by producing larger, more attractive, flowers. This is a hypothesis we cannot test with our data, though we note that the flowers of P. penlandii, as well as those of some other rare beardtongues, (P.
harringtonii, P. debilis, P. albomarginatus) are not especially large members of the genus.
In reality, the evidence supporting these expectations for rare plants is slim. Indeed, growing evidence suggests that rare plants are as likely to require pollinators as are common plants (Tepedino 1999 ). For some rare plants like Astragalus montii (Geer and Tepedino 1993) and Sclerocactus mesae-verdae (Tepedino et al., unpub.) , the breeding system may indeed be following an escalating sequence from outcrossing to self-compatibility to autogamy. However, there is no indication that the incidence of any of these developments is greater for rare plants than it is for common ones. For example, P. penlandii is self-compatible, but not autogamous or apomictic to any extent. Rather, like other members of the genus that have been studied (Kampny 1995 , Nielson 1998 , both rare and common beardtongues require pollinators for sexual reproduction.
There are at least two reasons why rare plants in general, and P. penlandii in particular, may depend as much on pollinators as do common plants. First, if the decline in the number and size of populations is for anthropogenic reasons, as is frequently suspected (Fiedler and Ahouse 1992) , that decline may be too rapid and too recent for a breeding system response to be evident. Current evidence seems not to require such an explantion: flowers of many rare plants including P.
penlandii are visited by a variety of insects, and rarely exhibit the signs of pollinatorlimited fruit set expected from selection on the breeding system (Tepedino 1999) . A more likely explanation for the absence of any major modification of the breeding system mechanisms of P. penlandii and other species, is that many of these species are globally rare but locally abundant, rather than widespread with many sparse populations (Rabinowitz 1981) . Indeed, during our two years of study, P. penlandii was one of the most abundant species in bloom. One would not expect selection for the modification of the breeding system of such species unless the flowers were unattractive. We found no such evidence. Open-pollinated flowers enjoyed fruit set as high as experimentally crosspollinated flowers (Table la,b) and there was no difference in fruit set between flowers exposed to pollinators for different numbers of days (Table 2) . Finally, estimates of visitation rates showed that the average flower is visited several times per day, and that most visits were by pollinating taxa (Fig. 1) .
Penstemon penlandii fits the "bee-pollinated" syndrome of other blue/violet members of the genus (Crosswhite and Crosswhite 1966 , Lawson et al. 1989 , Nielson 1998 . Although the flowers are visited by many species of insects, only certain members of the Hymenoptera, especially bees, appear to be effective pollinators (Tables 3, 4) . These species tend to be _> 8 mm, to collect substantial amount of Penstemon pollen in their scopal loads, and to carry much Penstemon pollen on the head and dorsal thorax, body parts that our observations suggest are likely to contact the stigma during foraging.
Most pollinators are members of a large guild of megachilid bee species, particularly in the genus Osmia (Table 3) . Members of this guild exhibited intriguing occurrence patterns which demonstrate the importance of pollinator redundancy to flowering plants in general, and to rare plants, in particular (see below). Seventeen of 18 pollinator species were present only in one of the two years of our study. Part of this pattern is likely due to the uncommoness of many of these species, particularly the smaller ones, at the flowers of P. penlandii. However, some species, such as O. brevis and O. giliarum, were common in one year but absent in the other. This unexpected pattern of occurrence may be due to the differences in flowering times of P.
penlandii between the years. In both years, we collected during the latter half of the flowering season. In 1991, this occurred during the first two weeks of July. In 1992, P. penlandii flowered during the month of June, but had ceased flowering by July; most of our collections were made in the last half of June. Thus, our collection dates did not overlap between years. Therefore, some of the between-year variation in Osmia species present on P. penlandii flowers may be attributable to differences in flowering times, and to our incomplete sampling during the 1991 season.
It is also possible that species such as O.
brevis and O. giliarum are parsivoltine (a variable segment of a cohort requires more than one year to develop to adulthood), at least at higher elevations. Several species of Osmia bees are parsivoltine (Torchio and Tepedino 1982) and parsivoltinism could help drive the between-year differences in bee species composition, and might lead to year-to-year variation in pollinator abundances and fruit set.
It is presently unclear how many of these Osmia species are specialized visitors of Penstemon flowers. Osmia cyaneonitens, thought to be quite rare until recently, has been collected only from Penstemon, on which it is presumed to be oligolectic (Lawson et al. 1989) . The other 14 species visit an array of host plants, but their pollen preferences are unknown (Hurd 1979) . However, there is a trend for some of them (including O. brevis, O. bruneri, O. ednae, O. proxima, and O. albolateralis) to be closely associated with Penstemon, and for at least some local populations to act as Penstemon specialists (Crosswhite and Crosswhite 1966 , Moldenke and Neff 1974 , Cripps and Rust 1989 , Lawson et al. 1989 . Our results support this trend: 95% of Osmia scopal loads were composed of Penstemon pollen, indicating that these bees were foraging almost exclusively on Penstemon. It is of interest that three of these Osmia species which appear to prefer beardtongue flowers (O. brevis, O. cyaneonitens, O. ednae) have long proclinate hairs densely overhanging the frons which meet equally long, dorsally-directed hairs arising from the supraclypeus. In O. brevis the supraclypeus and frons are two regions with particularly high pollen counts (Fig. 3) . These hairs may be pollen-collecting apparati that enable bees to more effectively exploit nototribic flowers, as has been reported by Mtiller (1996) for some central European species.
Although Osmia species were the most abundant and consistent pollinators of P. penlandii, other hymenopterans also likely contributed to its reproduction. Anthocopa abjecta and A. elongata are in the subgenus Atoposmia which is closely related to Osmia. Bees of this subgenus exhibit a strong preference for Penstemon (Hurd 1979) . Anthocopa abjecta is of similar size as many of the Osmia species, and therefore may be of comparable importance to P. penlandii. However, like many Osmia species, this bee was only collected in one of the two years, suggesting that its flight times may not always overlap with P. penlandii flowering, or that its abundance varies from year to year.
Bumblebees (Bombus spp.) were common on P. penlandii flowers in both years, but we collected few specimens so as not to negatively impact their populations. Thus, their relative abundance in the collection of floral visitors is underestimated. Bumblebee workers tend to specialize at least for short periods of time while their hosts are abundant (Heinrich 1979) ; thus, they are likely important pollinators of P. penlandii.
The pollen-collecting wasp Pseudomasaris vespoides is an oligolege of Penstemon (Cooper 1952) . This wasp exhibits specialized behavioral and morphological characteristics that allow it not only to collect Penstemon pollen efficiently, but also to pollinate Penstemon flowers (Torchio 1974) . Specialized hairs on the dorsal thorax accumulate pollen and contact stigmas when it forages in Penstemon flowers. Pseudomasaris vespoides tended to visit more P. penlandii flowers per plant than did the bee pollinators and therefore may carry out more geitonogamous pollinations (De Jong et al. 1993) . If P. penlandii suffers inbreeding depression when selfed, as do some plants with mixed-mating systems (Charlesworth and Charlesworth 1987) , then pollinations by P. vespoides may result in less fit offspring relative to offspring from bee pollinations.
The suite of pollinators of P. penlandii is very similar to visitors of several other rare "bee syndrome" Penstemon species in the western U.S.. For example, the rare Nebraska endemic P. haydenii, is visited by approximately 50 insect taxa from 4 different orders, but is pollinated effectively only by the megachilid bees Osmia (3 spp., including O. cyaneonitens) and Hoplitis (1 sp.) (Lawson et al. 1989) . Pollinators of the Colorado endemic P. harringtonii include O. brevis plus six other Osmia species, Bombus appositus, Anthophora bomboides, A. ursina, Hoplitis spp., Anthocopa spp., and Pseudomasaris vespoides (Nielson 1998 (Tepedino 1980, Cane and Payne 1993) . The presence of numerous megachilid bee species increases the chances that at least one will be abundant when P. penlandii flowers. Bumblebees may afford further insurance against variable pollinator service because many species are active from spring until fall (Alford 1975 ). Therefore, P. penlandii may owe its reproductive success not to the synchronous tracking of flowering by a few pollinators (Linsley 1958 ), but to its ability to attract numerous pollinating taxa, only a few of which may be abundant in a given year. It is impossible to manage for the welfare of this entire pollinator guild except in the most general way. The most promising outlook is to concentrate on eliminating or mitigating anthropogenic sins of commission by taking an ecosystem management approach (Tepedino et al. 1997) . First, the detrimental effects of pest management programs on pollinators, such as insecticide spraying, must be considered. Penstemon penlandii occurs, in part, on public lands where cattle are grazed, and where livestock and grasshoppers are viewed as competitors for forage plants. Such areas may be sprayed with insecticides if grasshopper populations reach economically important densities (Anonymous 1987) . Bee populations may be decimated during insecticide treatments, because alt bees that have been studied are vulnerable to acephate, carbaryl, and malathion (Johanson et al. 1983) , the only insecticides that are registered for grasshopper control on rangelands. At least some of P. penlandii's pollinators, bumblebees, are active from early spring to late fall. Thus, either an insecticide-free buffer zone must be maintained around P. penlandii habitat during the entire growing season, or bran bait treatments which are less detrimental to pollinators (Peach et al. 1994 (Peach et al. , 1995 should be used to reduce grasshopper numbers.
The nesting habitats of the pollinators must also be protected. The pollinator taxa of P. penlandii likely use a wide variety of nesting habitats. Although the nesting preferences of many Osmia species listed in Table 3 are unknown, other species of Osmia build their nests in wood and stems, on rocks, and in the ground (Hurd 1979) . Bumblebees also vary in their preferred nesting sites. Bombus appositus builds its colonies at or below ground level, using materials such as dead grass, or abandoned rodent nests (Hobbs 1966) . Bombus huntii usually builds its nests underground (Hobbs 1967) . Anthophora bomboides and A. ursina are also ground nesters (Brooks 1983) . Pseudomasaris vespoides builds its mud nests on or under rocks, or on twigs (Hurd 1979 ). Thus, persistent or widespread disturbance of soil and vegetation by off-road vehicles, road construction, wood-gathering, or overgrazing may negatively impact nesting sites of these pollinators (Sugden 1985) . Efforts should be made to avoid or mitigate such disturbances.
